Alcohol dehydrogenases constitute enzymes of at least three different protein types. They illustrate general aspects of protein relationships, indicate the presence of repeated duplicatory events, and show the effects of successive structural changes.
Long-chain type
The initially characterized, traditional liver enzyme is a member of the 'long-chain', zinc-containing alcohol dehydrogenase family [ 11. An increasing number of forms and subforms have been characterized, representing isoenzymes and different alcohol dehydrogenase classes. Combined, they constitute the complex liver alcohol dehydrogenase system (reviewed in [2] ). Further proteins have also been found to belong to this family, including sorbitol dehydrogenase [ 11, threonine dehydrogenase [3] and an eye lens crystallin [4] . The diversity between these proteins is extensive and the crystallin, although structurally a clear member of the longchain zinc dehydrogenase fanlily, does not appear t o contain zinc and has not yet been proven even to have a dehydrogenase activity (41.
binding regions [S, 101, show little sequence similarity and little further relationships. However, at least one protein member in each of the three families has ethanol dehydrogenase activity, giving the common nomenclature of alcohol dehydrogenase (EC 1.1.1.1). The properties are discussed below in relation to several characteristics for both the longchain and short-chain dehydrogenase families.
Mir ltiplicity
Gene duplications at differcnt levcls arc frequent. Thus far, this has been traced in greatest detail for the long-chain zinc dehydrogenases, revealing at least four levels of complexity ( Fig. 1 ) , explaining the multiplicity of enzymes, enzyme classes and isoenzymes.
Long-chain jumily. Ancient duplications explain the presence of different enzymes within the family. They diverged early and have now reached a stage (about 25% residue identity) where they have diverged to such an extent that they are not immediately recognized as similar. In this way, four functionally separate proteins are structurally related, constituting alcohol, sorbitol and threonine dehydrogenases, apart from <-crystallin (Fig. 1 ). These enzymes all have different EC numbers (1.1.1.1 for alcohol dehydrogenases; 1.1.1.14 for sorbitol dehydrogenase; 1.1.1.103 for threonine dehydrogenase). Thus, the end-numbers do not reflect the structural relationships, illustrating the difficulties
Short-chain ype
The second type of alcohol dehydrogenase family is the 'short-chain' non-metalloenzyme type, initially defined from the structures of insect alcohol dehydrogenase and prokaryotic dehydrogenases of sugar metabolism [ 1, 51. This group has subsequently been discovered to be large and is now known to be represented also by mammalian dehydrogenases in the form of 17P-hydroxysteroid dehydrogenase and cytosolic 1 5-hydroxyprostaglandin dehydrogenase (6, 7] .
Additionul forms
A third enzyme family of alcohol dehydrogenases was initially detected as a prokaryotic iron-dependent enzyme type [8] , now also known to be represented by a yeast enzyme [9] and further forms.
Differences
Alcohol dehydrogenases of these three families differ extensively, exhibiting separate domain arrangements, different enzymatic mechanisms, and, except for the coenzyme- (Fig. 1) .
The classical liver enzyme belongs to the class I branch [2] and has long been considered typical of the mammalian and vertebrate liver alcohol dehydrogenases. Recent data from the crystallin structure [4] and from sub-mammalian alcohol dehydrogenases (unpublished work) suggest that classes I and 11 are the most dissimilar, while class 111 shows some intermediate properties. Consequently, class I and Ill alcohol dehydrogenases are those of greatest interest in relation to the original metabolic roles of the present-day, typical, livertype of alcohol dehydrogenase.
More recent gene duplications explain the presence of typical isoenzymes as illustrated by the first arrow set in Fig. 1 . In this case, three genes exist. They are still separately controlled as evidenced by non-identical expression in different tissues and at different periods of life. The a-chain of the protein represents the fetal form of alcohol dehydrogenase, while p-and y-protein chains constitute the major adult forms. The separate gene expressions presumably again reflect early steps on the emergence of new enzyme functions (Fig. I ). Finally, a fourth multiplicity is explained by allelic variability at these loci (PI, p2, p3 and y,,, y.).
Presently, three allelic variants are known for the B-chain, all with separate frequencies of representation in different populations (cf. [21).
Short-chain fumiiy. The different members of this dehydrogenase family also reflect many duplications, now giving rise to well over 10 known different enzymes ( [5-71; unpublished work) . Most of these reflect distantly related forms, corresponding to the most ancient level of divergence in Fig. 1 . However, the short-chain enzymes also show some more highly similar forms, illustrating that different levels of duplicatory events have occurred in this family as well.
Siiccessive changes
The separate levels of multiplicity demonstrate the effects of successive changes on protein structures.
The long-chain type. Although only one of the structures in Fig. 1 is known from direct crystallographic analysis, a horse class I alcohol dehydrogenase, computer-graphics comparisons suggest that the separate isoenzymes have highly similar tertiary structures [ 121. To a considerable extent, this may also apply to the separate classes and enzymes ( [13] ; unpublished work). Within this basic fold, it is possible to judge the effects of the various changes. Notably, at all multiplicity levels, changes appear concentrated in three segments of the molecule, one affecting the active site, one the area of subunit interactions and one the segment around the second zinc atom (cf. [2] ). These three areas appear largely to reflect the functional differences between the alcohol dehydrogenases. Thus, the first type of variation (at the active site) presumably explains the different enzyme specificities, and the second type (subunit interactions) presumably reflects the fact that several of the alcohol/polyol dehydrogenases have non-identical quaternary structures and do not cross-hybridize (except the true isoenzymes). However, the third variation (around the second zinc atom) has thus far unknown functional consequences.
The latter variation makes the long-chain dehydrogenases a group of proteins well suited for the study of successive changes in metal interactions. As shown in Table 1 , the separate enzymes and isoenzymes illustrate successive changes in both metal content and metal ligands. Few other protein systems appear to reveal clearly demonstrated metal differences of this type.
In a similar manner, the residue exchanges at the other variable segments allow direct correlation with substrate interactions, explaining the small differences in functional properties of the isoenzymes [ 121, and have also been interpreted in terms of the separate substrate specificities of alcohol and sorbitol dehydrogenases [ 131.
Thus, characterization of all natural variants illustrates the relative importance of certain segments, defines strictly conserved residues [ 141, and suggests positions suitable for further studies by site-directed mutagenesis. In fact, many of the functional correlations thus far have first been traced by correlations with natural variants and are now successively accessible to confirmation and extended studies by selective mutants from directed alterations. In this manner, natural variability and directed mutagenesis can complement each other in a productive manner to arrive at still further functional conclusions.
The short-chain type. Successive changes in properties and direct correlations are thus far more difficult to trace for this family than for the long-chain family. This is because the short-chain forms presently known still represent highly divergent forms, and because no tertiary structure is known for any of these enzymes. However, both of these difficulties will probably soon be eliminated by discovery of further, interconnecting forms and by crystallizations of these shortchain dehydrogenase proteins. In particular, a Drosophih alcohol dehydrogenase would appear essential to crystallize, and an apparently successful crystallization of such an enzyme was one reason why the primary structure of an additional form of the protein was recently determined [ 151.
Firtiire aspects
Two aspects of alcohol dehydrogenase are of particular interest. One is the functional role and biological activities. The other is the mechanistic means by which the protein structures fulfil these functions. The knowledge of both aspects has recently increased enormously. The value of studies of natural variants is that unexpected relationships have been discovered, such as, for example, those between eye lens <-crystallin and liver alcohol dehydrogenases [4] . Presumably, additional studies of still further proteins will complement existing data and gradually fill in the interconnecting gaps. At the same time, the functional correla- ?Zinc content not analytically determined, but concluded from structural properties to be absent. tions make it possible to ascribe specific roles to particular residues, such as the conserved glycine residues 141 at bends in the basic fold which appear to constitute alcohol dchydrogenase per se. Each of these concepts can now be further tested by directed mutagenesis.
Regarding the enzymic mechanisms, the basic properties of the zinc dehydrogenases have essentially been known for some time. However, the short-chain dehydrogenase type is largely unknown in mechanistic terms and studics of additional forms, complemented with extensive comparisons, should be valuable also for the short-chain dehydrogenase group, to define more constant segments and particularly conserved residues which can then be directly tested for in mechanistic and functional terms. For example, a segment around position 150 in the short-chain dehydrogenases appears likely to be close to the active site and has a few conserved residues of particular interest 161. It is t o be expected that further studies of natural variants will increase the reliability in the interpretational conclusions.
Support by grants from the Swedish Medical Kesearch Council (project 03X-3532) Carbonic anhydrase (CA). is a ubiquitous enzyme involved in the transport o f COz between metabolizing tissue and the lungs. in many secretory processes. in ion transport and in the provision of bicarbonate for fatty acid synthesis, gluconeogenesis and urea-genesis (see 11 ] for a review and references). Despite the diversity of its metabolic involvements. the reaction that this enzyme catalyses is a simple one, namely the transfer of an OH-moiety bctwcen H,O and CO,: CO, + H>O= HCO; + H It was in the 196Os, with the advent of chromatographic techniques, that the first isoforms of CA were separated from erythrocytes, namely CAI which is present in high amounts, but with low activity, and CAI1 which is present in a smaller quantity, but with high specific activity. In higher vertebrates at least seven genetically distinct, but structurally similar, isoenzymes of CA are now recognized, each showing characteristic kinetic properties and tissue distribution (see [ 2 ] for a review).
Three of the mammalian CA genes are expressed predominantly in one cell type, cytoplasmic CAI and CAW in erythrocytes and skeletal muscle cells, respectively, and the secreted form, CAVI, in parotid salivary gland. These genes show a greater degree o f tissue specificity than the more ubiquitously expressed cytoplasmic CAI1 o r the membraneassociated CAIV and mitochondria1 CAV. It is not clear if any particular cell type expresses a single C A genemost express two or more. So, for example, erythrocytes and skeletal muscle slow-twitch fibres each express CAI, CAI1 and CAIII, although the relative levels of expresAbbreviations used: C'A. carbonic anhydrase; 1 ,25(OH)2D,. I .25-dihydroxyvitarnin I>.,; GH. pituitary growth hormone. sion of the three genes vary considerably between the two tissues with CAI > CAI1 > > CAI11 for erythrocytes and CAIII > CAI1 > >CAI for slow-twitch fibres.
The CA isoforms show between 28%) and 59% amino acid sequence similarity when pairwise comparisons are made, with CAI and CAI1 showing greatest similarity. Recently, Tashian [2] has used consensus amino acid sequences to construct a comparative matrix and a phylogenetic branching scheme for the CA isoforms. These data indicate an order of evolutionary relatedness: CAI. CAII, CAIII. CAVII, CAVl and CAIV and suggest that the salivary CAVl gene diverged first from the ancestral root. This pattern of genetic ancestory is reflected in the chromosomal distribution of the mammalian CA genes. CAI, CAI1 and CAlll are clustered on the long arm of human chromosome 8 at q22 13. 41. and are similarly clustered o n mouse chromosomes near to the centromere IS. 61, while the more distantly related CAVl and CAVll have been mapped to human chromosomes 1 and 16, respectively [ 7 , 8 ] .
Why is a complex family of several CA genes required t o encode a monomeric enzyme which catalyses a very simple reaction? Comparisons of these genes and their protein products suggest that the diversity is important both in the context of gene expression and protein function. Variation in those parts of the DNA which encode the CA confers characteristic kinetic properties on each of the isoforms and also provides the protein sequences necessary for particular subcellular localizations or secretion of the gene product, while variation in the non-coding regions provides for flexibility of expression among many different cell types.
I'roteiti structure Fig. 1 shows the 36 active-site residues for six CA isoforms, 17 of these are common to all CAs, while others are characteristic of particular isoforms. Insights into the role of such isoform-specific residues in active-site mechanisms are beginning to emerge from site-directed mutagenesis studies. For example, CAI11 shows eight unique residues in all five VOl. 18
